When etiolated radish (Raphanus sativus var. hortensis f. gigantissimus Makino) hypocotyls were subjected to a continuous unilateral illumination with white fluorescent light at 0.05, 0.1, or 1 watt per square meter, the suppression of the growth rate on the lighted side depended on the light intensity. The growth rate at the shaded side was only a little affected by the illumination at 0.05 and 0.1 watt per square meter but considerably suppressed by that at 1 watt per square meter. Upon a continuous unequal bilateral illum nation, the growth rate was more strongly suppressed on the side of the higher intensity than on the side of the lower one, resulting in phototropic curvature toward the light source of the higher intensity. It was calculated from correlation analysis of light intensity and growth rate that, on an average, 6.9% of the irradiation applied to one side reached the opposite side. The amounts of cis-and trans-raphanusanins and raphanusamide in hypocotyls subjected to unilateral or unequal bilateral ilumination increased much more at the side of the lighted or the higher intensity than at the opposite side. The present study demonstrates that phototropism in radish hypocotyl is correlated with and we conclude caused by a gradient of growth inhibition in the hypocotyl, depending on irradiation-induced amounts of cis-and trans-raphanusanins and raphanusamide.
We have investigated the involvement of plant growth inhibitors in phototropism of the radish hypocotyl (5, 8) . Unilateral illumination with continuous white light of the etiolated radish hypocotyl did not promote the growth rate at the shaded side but induced a marked suppression of that at the lighted one, causing phototropic curvature (8) . Three growth inhibitors, whose presence was correlated with the suppression ofthe growth rate at the lighted side, were isolated from light-exposed radish seedlings (5) . One of them was the same as raphanusanin (cistype) which had previously been isolated from de-etiolated radish seedlings as a light-promoted growth inhibitor (6) , while the others were determined as trans-raphanusanin and raphanusamide (6-methoxy-2,3,4,5-tetrahydro-1,3-oxazepin-2-one) (5) . Unilateral applications of them suppressed the growth of the hypocotyl at the applied side more than at the opposite one, causing the hypocotyl to bend toward the site of application (8) . Fur sides during unilaterally stimulated phototropic response were measured by physicochemical assay. The cis-and trans-raphanusanins in the lighted side increased by 0.5 h after the start of illumination, reached 3 to 3.5-fold greater concentrations than in the shaded side after 1 h, while raphanusamide increased in the lighted side to a 3-fold larger concentration than in the shaded one after 2 h (8). These findings suggest that phototropic curvature in radish hypocotyl is caused by the light-induced synthesis of cis-and trans-raphanusanins and raphanusamide at the site of illumination.
In this paper, we report the influence of unilateral or bilateral illumination ofvarious light intensities on phototropic curvature, the growth rates at the lighted and shaded sides, and the distribution of the three growth inhibitors in the lighted and shaded sides or in the sides at the higher and lower intensities.
MATERIALS AND METHODS Plant Materials. Sakurajima radish seeds (Raphanus sativus var. hortensis f. gigantissimus Makino) were germinated as described previously (8) . Uniform the seedlings were exposed to an unequal bilateral light, they are observed to bend toward the light source with the higher intensity, whereas the seedlings exposed to an equal bilateral illumination did not bend (data not shown). Lateral distribution of cis-and trans-raphanusanins and raphanusamide in radish hypocotyls subjected to unilateral illumination of different intensities. Number enclosed in square shows light intensity to which that side of the hypocotyl was exposed as described in Figure  2 . This experiment was repeated and the results were similar. course of the growth rates at the sides of the higher and lower intensities. The growth inhibition ofhypocotyls induced by equal bilateral illumination depended on the light intensity. Upon unequal bilateral illumination, the growth rates at the side of the higher intensity were more suppressed than those at the side of the lower one. The results also suggest that the effective light dose is the sum of the irradiated energy applied directly to one side and that which penetrated across the hypocotyl tissue from I the opposite side. As shown in Figure 5 , the relationship between irradiated light intensity and growth rate at the lighted side during unilateral illumination for 1 h (Fig. 2) shows that the growth rate was closely correlated with light intensity. When the growth rates at the shaded sides during unilateral illumination for 1 h (Fig.  2) , or at either side of hypocotyl during bilateral illumination for 1 h (Fig. 4) , were plotted on the regression line in Figure 5 and the effective light dose at each side was deduced from, the mean light intensity penetrating across the hypocotyl tissue from the opposite side was calculated to be 6.9% ofthe intensity irradiated to the hypocotyl surface (regression line plots and calculations not shown). This value for the penetration of light is in good agreement with the observation of Parsons et al. (9) for etiolated sunflower hypocotyls.
Lateral Distribution of Endogenous cis-and trans-Raphanusanins and Raphanusamide in Hypocotyls Exposed to Bilateral Illumination of Different Intensities. Figure 6 shows the quantitative changes in raphanusanins and raphanusamide in the sides of the higher and lower intensities during bilateral illumination. Patterns of changes in raphanusanins and raphanusamide are very similar to those shown under unilateral illumination. The amounts of raphanusanins markedly increased at 1 h after the onset of illumination, then maintained high levels, whereas raphanusamide continued to increase during the 2nd h. In all the cases, endogenous growth inhibitors had higher amounts on the side of the higher intensity than on the side of the lower one. The correlation coefficients for light intensity, the growth rates at the lighted and shaded sides or at the sides of the higher and lower intensities, and inhibitor amounts in each side, were calculated for unilateral or bilateral illumination for 1 h. As shown FIG. 6. Lateral distribution of cis-and trans-raphanusanins and raphanusamide in radish hypocotyls subjected to unequal or equal bilateral illumination of different intensities. Number enclosed in square shows light intensity to which that side of the hypocotyl was exposed as described in Figure 4 . This experiment was repeated and the results were similar. Figures 2-6 . The light intensity at the shaded side with unilateral illumination, or at either side with bilateral illumination, was calculated by adding 6.9% of the light intensity irradiated on the opposite side to the intensity given on the other side.
in Table I , the amounts of inhibitors were correlated with light intensity and growth rate.
DISCUSSION
At the range of 0.05 to 0.1 W m-2, the growth rate at the side subjected to a continuous unilateral illumination was strongly suppressed depending on the light intensity, whereas the growth rate at the shaded side was only a little affected by the intensity. Thus, the difference in growth rates between the lighted and shaded sides is magnified, resulting in an increase of the hypocotyl curvature. However, continuous unilateral illumination at 1 W-m-2 not only suppressed the growth rate at the lighted side, but also considerably that at the shaded one, so that the magnitude of curvature decreased ( Figs. 1 and 2 ). The amounts of growth inhibitors in hypocotyl tissues correlated well with the light intensities and the growth rates ofthe hypocotyl sides. These results suggest that when radish hypocotyls are subjected to unilateral illumination, the growth inhibition on the illuminated or shaded side causing phototropism depends on the amounts of endogenous growth inhibitors, the synthesis of which is determined by the light intensity occurring in the tissue.
When etiolated hypocotyls were placed between opposing light sources of unequal light intensities, the growth rate of the side of the higher intensity was more strongly suppressed than that of the opposite side, resulting in phototropic curvature towards the light source of the higher intensity. The amounts of growth inhibitors in hypocotyls subjected to unequal bilateral illumination increased more in the side of the higher intensity than in the opposite side. The relationship between light intensity, growth inhibition of the hypocotyl, and amounts of growth inhibitors in unequal bilateral illumination, was essentially the same as that with unilateral illumination.
The present study demonstrates that phototropism in radish hypocotyls is caused by a gradient of growth inhibition which depends on the light intensity through the amounts of growth inhibitor, and thus strongly supports the Blaauw (1) hypothesis, explaining phototropism as an effect of local growth inhibition by light. Results obtained in the present study, especially those on bilateral illumination, differ from the results reported by Macleod et al. (7) using Avena coleoptiles. In the phototropism of Avena coleoptiles, a space and/or leaf inside the coleoptile may change a quality and/or quantity of light penetrating across 675 the coleoptile to accelerate the growth rate at the opposite side. Whether or not the Blaauw hypothesis of phototropism is restricted to such dicotyledonous plants as radish, used in this study, and sunflower (2, 4), has to be studied further.
As phototropism of the radish hypocotyl in the present study can be considered as a second positive one (3), future work should certainly investigate whether growth inhibitors play a role, too, in a first positive response induced by a pulse of irradiation.
